Double-stranded DNA (dsDNA) in the cytoplasm triggers the production of interleukin 1b (IL-1b) as an antiviral host response, and deregulation of the pathways involved can promote inflammatory disease. Here we report a direct cytosolic interaction between the DNA-damage sensor Rad50 and the innate immune system adaptor CARD9. Transfection of dendritic cells with dsDNA or infection of dendritic cells with a DNA virus induced the formation of dsDNA-Rad50-CARD9 signaling complexes for activation of the transcription factor NF-kB and the generation of pro-IL-1b. Primary cells conditionally deficient in Rad50 or lacking CARD9 consequently exhibited defective DNA-induced production of IL-1b, and Card9 −/− mice had impaired inflammatory responses after infection with a DNA virus in vivo. Our results define a cytosolic DNA-recognition pathway for inflammation and a physical and functional connection between a conserved DNA-damage sensor and the innate immune response to pathogens. 
A r t i c l e s
The appearance of double-stranded DNA (dsDNA) in the cytoplasm, which is normally a DNA-free environment, triggers potent inflammatory pathways that culminate in the production of interleukin 1β (IL-1β) and type 1 interferon. Such innate immune responses alert the host to the presence of danger and are important for the defense against viruses and bacteria 1 . To recognize the aberrant localization of DNA, the immune system uses several receptors for cytosolic DNA and associated signaling systems, which have in part overlapping and collaborative functions 1 . Central to the antiviral interferon response is the endoplasmic reticulum-associated adaptor STING, which is activated by the second messenger cGAMP, generated by the DNA sensor cGAS (cGAMP synthase) 2, 3 . STING subsequently engages the kinase TBK1 to mediate phosphorylation and activation of the transcription factor IRF3 for the transcription of interferon-encoding genes 4 ; in contrast, signaling by STING is largely dispensable for the generation of IL-1β 5, 6 .
The highly proinflammatory cytokine IL-1β provides additional security checkpoints for antiviral immunity, particularly under circumstances in which viruses subvert the interferon system 7, 8 . IL-1β also couples innate recognition of viruses to antiviral CD8 + T cell responses 9, 10 , and as an endogenous pyrogen, IL-1β is responsible for fever reactions during infection. Because aberrant production of IL-1β can induce severely pathological conditions, its generation needs to be tightly controlled and involves at least two distinct signals 11 . The first signal for the generation of mature IL-1β triggers the transcriptional upregulation of pro-IL-1β mRNA, and the second signal results in the proteolytic processing of pro-IL-1β, typically by caspase-1, within inflammasomes. The specific inflammasome for DNA-induced processing of IL-1β contains the cytosolic DNA sensor AIM2 (ref. 1) , which engages the common inflammasome adaptor ASC for the activation of caspase-1. The transcription of pro-IL-1β is mediated by the transcription factor NF-κB, which is retained in an inactive form in the cytosol in unstimulated cells via binding to inhibitory IκB proteins. The activation of NF-κB by most stimuli requires the IκB kinase (IKK)-mediated phosphorylation of IκB, which results in its ubiquitin-mediated degradation and the subsequent translocation of NF-κB dimers to the nucleus 12 . However, the exact mechanism by which the NF-κB signaling module is activated after cytosolic DNA is sensed is not well understood but is assumed to involve STING.
CARD9 is an adaptor specific to cells of the innate immune system that relays signals from pattern-recognition receptors to inflammatory responses 13 ; it has an amino-terminal caspase-recruitment domain (CARD) for the recruitment of downstream effectors, as well as a coiled-coil region for protein oligomerization. Similar to most signaling adaptors 14 , CARD9 is multifunctionally engaged by various receptor systems depending on the specific context. Patternrecognition receptors that signal via CARD9 include the transmembrane Syk-coupled C-type lectin receptors and such cytosolic sensors as RIG-I and Nod2 (refs. 15-19) .
Here we report a direct cytosolic interaction between CARD9 and the DNA-binding protein Rad50, which is also prominently involved in the eukaryotic DNA-damage response 20 . Together with Mre11 and Nbs1, Rad50 can form a DNA receptor complex (the MRN complex) that detects double-strand breaks in DNA in the nucleus and subsequently triggers pathways needed to maintain genome integrity 20 . We found that cytoplasmic delivery of dsDNA by transfection of DNA or infection with a virus resulted in the formation of distinct dsDNARad50-CARD9 complexes that selectively induced NF-κB signaling for IL-1β production. Our results define a DNA-recognition pathway for inflammation and demonstrate a previously unrecognized direct connection between an evolutionarily conserved sensor of DNA damage that translocates to the cytoplasm and an innate immune signaling system.
RESULTS

Direct interaction of CARD9 with Rad50
To obtain insight into the role of CARD9 in innate immunity, we did a yeast two-hybrid screen with full-length CARD9 as the bait and searched for interaction partners in a cDNA library from human peripheral blood. The screening of 9.9 × 10 6 transformants yielded 33 bait-dependent interactors, which we analyzed further. The protein with the most frequent interactions with CARD9 in the yeast two-hybrid screen was Rad50 (data not shown).
To confirm the potential direct CARD9-Rad50 association in a mammalian system, we did bioluminescence resonance energy transfer (BRET) experiments with COS-7 monkey kidney cells. As the transfer of energy from donor to acceptor in BRET analyses can occur only within a distance of less than 100 Å, protein-protein interactions can be analyzed in the environment of a living cell 21 . We subcloned sequence encoding fragments of CARD9 and Rad50 in frame with sequence encoding Renilla reniformis luciferase (Rluc) as an energy donor or yellow fluorescent protein (YFP) as an energy acceptor fluorophore 21 . In parallel, we generated Rluc and YFP fusion proteins with Bcl-10 (a protein known to interact with CARD9) as a positive control 19 , and also with the inflammasome DNA sensor AIM2 (ref. 1).
We observed BRET ratios above the method-specific threshold for a binary protein-protein interaction 21 for CARD9-Bcl-10 and CARD9-Rad50 but not for CARD9-AIM2 (Fig. 1a) . Subsequent saturation experiments revealed a hyperbolic increase in BRET ratios, with increasing acceptor-to-donor ratios for CARD9 and Rad50 (Fig. 1b) , which excluded the possibility of random bystander BRET. These biophysical data confirmed the association between CARD9 and Rad50 in mammalian cells (Fig. 1a,b) . To identify the region in Rad50 that interacts with CARD9, we created several deletion mutants of Rad50 and did mapping experiments with BRET. The minimal region of Rad50 required for binding CARD9 was amino acids 628-786 (Fig. 1a) , which is the structural domain that includes the zinc hook 20 .
Next we investigated whether endogenous untagged CARD9 and Rad50 could bind to each other. Immunoprecipitation of proteins from THP-1 human monocytic cells showed that endogenous Rad50 immunoprecipitated together with endogenous CARD9 and vice versa (Fig. 1c,d) . Because Rad50 has DNA-binding activity, we assessed the possibility that Rad50 might link recognition of dsDNA to binding to CARD9. Repeated treatment of lysates of THP-1 cells with antibody to Rad50 (three times) resulted in efficient depletion of Rad50 but did not affect the amount of CARD9 in these lysates (Fig. 1e) . To precipitate DNA-associated proteins, we immobilized dsDNA containing genomic sequence from vaccinia virus (VV) onto agarose beads. Subsequent precipitation in the presence of Rad50 revealed that CARD9 specifically purified together with dsDNAcontaining beads but not with empty control beads (Fig. 1e) . CARD9 did not interact with dsDNA in the absence of Rad50 (Fig. 1e) , which indicated that Rad50 was required for the binding of dsDNA to CARD9. Together these results indicated that Rad50 was able to bridge binding of DNA to the engagement of CARD9.
Rad50-CARD9 complexes sense dsDNA in the cytosol We used confocal microscopy to visualize the associations among dsDNA, Rad50 and CARD9 in primary cells of the immune system and to investigate the cellular compartments in which these interactions occurred (Fig. 2a,b) . A r t i c l e s npg A r t i c l e s of endogenous proteins revealed that, as expected, Rad50 localized mainly to the nucleus in unstimulated bone marrow-derived dendritic cells (BMDCs) 22 , whereas CARD9 exhibited a cytoplasmic distribution pattern 23 (Fig. 2a) . The intracytoplasmic delivery of dsDNA resulted in the recruitment of Rad50 to dsDNA and in the formation of distinct dsDNA-Rad50 foci in the cytosol (Fig. 2a,b) ; these foci also contained Mre11 and Nbs1 ( Fig. 2c and Supplementary  Fig. 1a,b) , which indicated sensing of cytoplasmic dsDNA by the entire MRN complex. CARD9 was also recruited to the dsDNA-MRN complex aggregates and specifically localized together with Rad50 ( Fig. 2a,b) . Quantitative analysis showed Rad50-CARD9 complexes in all cells that contained cytoplasmic DNA after transfection ( Supplementary Fig. 1c,d ). Cytoplasmic dsDNA-Rad50 complexes also formed in BMDCs from CARD9-deficient mice 15 (data not shown and Supplementary Fig. 1e ), which suggested that the detection of cytoplasmic dsDNA by Rad50 was independent of CARD9. These findings indicated that CARD9 was secondarily recruited to DNA-sensing Rad50 complexes and suggested that the Rad50-mediated engagement of CARD9 might represent a signal for DNAmediated immune responses.
CARD9 and Rad50 control DNA-induced IL-1b generation
To assess the potential functions of CARD9 complexes in DNAinduced innate immunity, we transfected BMDCs with various forms of DNA and measured cytokine production. The stimulation of wild-type BMDCs with linear synthetic poly(dA:dT), poly(dG: dC), purified genomic calf thymus DNA or circular bacterial plasmid DNA resulted in the robust production of mature IL-1β and type 1 interferon (Fig. 3a,b) . In contrast, BMDCs that lacked CARD9 had considerable defects in IL-1β production after transfection of any of those DNA forms, although the production of IL-1β induced by the stimulation of Toll-like receptor 4 (TLR4) with lipopolysaccharide (LPS) or by the stimulation of TLR9 with CpG DNA was not affected (Fig. 3a) ; thus, CARD9-deficient cells did not have nonspecific impairment in the DNA-induced production of IL-1β. Moreover, the interferon responses controlled by the cGAS-STING pathway were also unaffected by the deletion of CARD9 (Fig. 3b) , whereas STING-deficient BMDCs produced substantial amounts of IL-1β but no type I interferon (Fig. 3c,d ), consistent with published data 5, 6 . We therefore concluded that CARD9 was specifically required for DNA-induced IL-1β responses. This conclusion was supported by additional concentration-response and kinetic studies of CARD9-deficient cells stimulated with dsDNA ( Fig. 3e,f) .
To assess the biological relevance of those results, we transfected CARD9-deficient (Card9 −/− ) cells with purified microbial DNA from cowpox virus, VV or Escherichia coli. IL-1β responses to microbial genomic DNA were also specifically defective in Card9 −/− BMDCs, although the interferon responses were intact (Fig. 3f,g and data not shown), indicative of a general role for signaling via CARD9 during cytosolic DNA-induced generation of IL-1β.
Next we investigated if Rad50 was required for the DNA-induced generation of IL-1β. Rad50 is essential for cell viability during division and embryonic or hematopoietic development, and deletion of Rad50 is embryonically lethal 20, 24, 25 . Therefore, we generated Rad50 ∆/ind mice, which carry one Rad50-null allele (Rad50 ∆ ) together with an inducibly deleted Rad50 allele (Rad50 ind ) and thus undergo conditional deletion of Rad50, as well as Rad50 +/ind mice 24 , which carry one functional Rad50 allele and one Rad50 ind allele. Each group of mice additionally ubiquitously expressed tamoxifen-inducible Cre recombinase (Rosa26-Cre-ERT2). We obtained bone marrow from those mice, differentiated the cells in culture and treated the differentiated, nondividing BMDCs with tamoxifen to activate Cre-mediated deletion of Rad50 in vitro. This protocol resulted in substantial depletion of Rad50 from BMDCs, although the protein was not completely absent, presumably due to its long half-life (Fig. 3h) . In BMDCs that had undergone depletion of Rad50, stimulation with poly(dA: dT), poly(dG:dC) or mammalian genomic DNA resulted in IL-1β responses up to 80% lower than those of control (Rad50 +/ind ) cells that still had one functional Rad50 allele after Cre-mediated depletion of the Rad50 ind allele (Fig. 3i) . Nonetheless, in cells depleted of Rad50, parallel stimulation with CARD9-independent TLR agonists or the CARD9-dependent dectin-1 ligand curdlan induced strong IL-1β responses (Fig. 3i) ; thus, the cells depleted of Rad50 did not exhibit a general defect in the IL-1β response. Because Rad50 activates the kinase ATM after nuclear DNA damage is sensed 20 , we also assessed the involvement of ATM in the cytosolic DNA-induced generation of IL-1β. However, the production of IL-1β was not impaired by ATM deficiency 26 (Supplementary Fig. 2 ). Together these genetic Rad50 and CARD9 recruit Bcl-10 for NF-kB activation We next investigated the mechanisms by which the Rad50-CARD9 interaction might mediate the generation of IL-1β. Because CARD9 is an activator of canonical NF-κB signaling 13 , we evaluated translocation of the NF-κB subunits RelA (p65) and c-Rel to the nucleus in Card9 −/− cells into which we transfected DNA. By confocal microscopy, we observed that the activation of both NF-κB subunits was defective in Card9 −/− BMDCs specifically after cytosolic transfection of DNA but not after stimulation of TLR9 mediated by CpG DNA (Fig. 4a-c) . Consistent with those findings and the role of NF-κB activation in transcription of the gene encoding pro-IL-1β, the induction of pro-IL-1β mRNA and subsequent production of the pro-IL-1β polypeptide were also almost completely abrogated in Card9 −/− BMDCs into which we had transfected DNA (Fig. 4d and Supplementary Fig. 3) . Moreover, cytosolic DNA-induced transcription of genes encoding IL-6 and tumor-necrosis factor (TNF) was also much lower in Card9 −/− cells than in wild-type cells (Supplementary Fig. 4a,b) .
However, in agreement with the unaffected interferon responses noted above (Fig. 3) , the activation of IRF3 was intact in Card9 −/− cells, as assessed by both phosphorylation of IRF3 and translocation of IRF3 to the nucleus (Fig. 4e,f) . In contrast, in STING-deficient cells, the activation of IRF3 was abolished (Fig. 4g) and transcription of the gene encoding interferon-β (IFN-β) was completely blocked (data not shown). When we transfected Card9 −/− or STING-deficient BMDCs with cGAMP, which is a strong inducer of type 1 interferon that directly activates STING 2,3 , we also found that STING was essential for the interferon response 2,3 , while CARD9 was dispensable (Supplementary Fig. 5a,b) . Next, we investigated the role of STING in DNA-induced IL-1β generation in more detail. Consistent with the almost intact IL-1β production in STING-deficient cells stimulated with DNA 5, 6 (Fig. 3c) , NF-κB-dependent transcription of the gene encoding pro-IL-1β was not diminished in STING-deficient cells, and by confocal microscopy we also detected substantial translocation of both p65 and c-Rel to the nucleus in STING-deficient BMDCs (Fig. 4h,i) . Together these data indicated that CARD9 was essential for a specific pathway that mediated the activation of NF-κB for the generation of pro-IL-1β in response to sensing of cytosolic DNA. Moreover, although STING contributed to optimal NF-κB responses, 
(Student's t-test).
Data are from one experiment representative of at least three independent experiments (mean and s.e.m. in a-g,i).
npg
A r t i c l e s it was largely dispensable for the induction of transcription of the gene encoding pro-IL-1β after detection of DNA. CARD9 engages Bcl-10 to activate NF-κB after the ligation of C-type lectin receptors or RIG-I 15, 16, 18, 19 . Thus, we stimulated Bcl10 −/− BMDCs with poly(dA:dT), poly(dG:dC), purified genomic calf thymus DNA or circular plasmid DNA to study the involvement of Bcl-10 during the DNA-induced innate immune response. Bcl-10 was essential for the activation of NF-κB and generation of IL-1β induced by Bcl10 A r t i c l e s cytosolic dsDNA but not for the production of IL-1β induced by the stimulation of TLR4 or TLR9 (Fig. 5a) . Moreover, similar to CARD9, Bcl-10 was essential for the upregulation of transcription of the gene encoding pro-IL-1β but was dispensable for signaling via IRF3 and synthesis of IFN-β (Fig. 5b,c, Supplementary  Fig. 3 and data not shown). To investigate the roles of CARD9 and Bcl-10 in inflammasome activation, we also assessed caspase-1 activation in CARD9-or Bcl-10-deficient BMDCs. This response, which is mediated by AIM2 and ASC 1 , was intact in the absence of CARD9 or Bcl-10 ( Fig. 5d) , which indicated that CARD9 and Bcl-10 specifically controlled the signal for the generation of pro-IL-1β.
On the basis of the findings that CARD9 and Bcl-10 acted together to activate NF-κB after cytosolic DNA was sensed, we next investigated whether Bcl-10 was recruited to dsDNA-Rad50 complexes. By confocal microscopy we observed that endogenous Bcl-10 localized together with dsDNA-Rad50 aggregates after transfection of DNA (Fig. 5e) . Moreover, that recruitment of Bcl-10 to cytosolic Rad50 was mediated via CARD9, as we did not observe it in CARD9-deficient cells. Additionally, CARD9 was recruited to the dsDNA-Rad50 complexes in Bcl10 −/− cells as it was in wild-type cells, which demonstrated that the initial steps of formation of the Rad50-CARD9 complex did not require the effector Bcl-10. Thus, the sensing of cytosolic DNA by Rad50 and the subsequent assembly of Rad50-CARD9 complexes resulted in further recruitment of Bcl-10 for the activation of NF-κB.
Rad50-CARD9 senses cytosolic viral DNA upon infection
Having established the critical functions of Rad50, CARD9 and Bcl-10 in the DNA-induced production of IL-1β, we investigated the roles of these factors during viral infection. We used the poxvirus vaccinia virus (VV) as a model because the life cycle of poxviruses includes DNA replication in the cytoplasm 27 . Similar to the results reported above obtained by transfection of DNA, infection of wild-type or Card9 −/− BMDCs with VV resulted in the localization of Rad50 to the cytoplasmic viral DNA (Fig. 6a,b and data not shown), which confirmed that this DNA sensor was able to detect cytosolic viral infection. In wild-type BMDCs, CARD9 was also recruited to the VVdsDNA-Rad50 foci, which resulted in the formation of VV-dsDNARad50-CARD9 complexes (Fig. 6a,b) that were morphologically similar to those observed after transfection of synthetic dsDNA (Fig. 2) . To investigate whether sensing a DNA virus also induced signaling via CARD9, we measured inflammatory cytokines after infecting wild-type, Card9 −/− and Bcl10 −/− BMDCs with VV and found that both Card9 −/− BMDCs and Bcl10 −/− BMDCs demonstrated severely impaired IL-1β production upon infection with VV in vitro (Fig. 6c) , which suggested that recognition of VV activated signaling via CARD9. Similarly, the VV-induced generation of the NF-κB-controlled cytokines TNF and IL-6 was also considerably impaired in Card9 −/− BMDCs and Bcl10 −/− BMDCs (Fig. 6c) . Control infection of cells with the RNA virus vesicular stomatitis virus resulted in defective IL-1β production in Card9 −/− cells (Supplementary Fig. 6 ), in accord with the function of CARD9 downstream of RIG-I 17, 18, 28, 29 .
To investigate the physiological importance of CARD9 in innate immune responses to infection with a DNA virus in vivo, we infected Card9 −/− mice with VV via an intravenous route. After 6 h, we measured the serum concentrations of IL-1β by cytometric bead array, which revealed that the Card9 −/− mice exhibited defective IL-1β production upon infection (Fig. 7a) . Because IL-1β regulates adaptive antiviral CD8 + T cell responses 9,10 , we investigated the frequency of IFN-γ-producing viral antigen-specific CD8 + T cells 8 d after infecting wild-type and Card9 −/− mice with VV. Consistent with the diminished IL-1β production observed in Card9 −/− mice, antiviral CD8 + T cell responses were also significantly impaired in the absence of CARD9 (Fig. 7b) . Thus, the Rad50-CARD9 complexes sensed viral cytoplasmic DNA after cell infection, and activation of signaling via CARD9 was critical for the subsequent host response in vivo. 
DISCUSSION
npg
A r t i c l e s the physiological roles of some of these receptors need to be defined genetically, experiments with gene-deficient mice have revealed that the cGAS-STING signaling cascade is the key regulator of the IRF3-mediated interferon response 4, 5, 30 . Nonetheless, disruption of STING did not affect the generation of IL-1β after infection with a DNA virus, although it almost completely abolished the DNA-induced production of INF-β 5 , and we also observed that STING was largely dispensable for transcription of the gene encoding pro-IL-1β and the generation of IL-1β. Data obtained with CARD9-or Bcl-10-deficient BMDCs revealed that CARD9-Bcl-10 complexes specifically controlled NF-κB activation and transcription of the gene encoding pro-IL-1β after cytosolic DNA was sensed. Transcription of the genes encoding the NF-κB-dependent cytokines TNF and IL-6 was also significantly lower in Card9 −/− cells stimulated with DNA, and Card9 −/− DCs showed impaired production of TNF and IL-6 upon infection with a DNA virus. However, because the generation of TNF and IL-6 was not completely defective in Card9 −/− cells, it is possible that STING-dependent signaling might contribute to the production of certain NF-κB-dependent factors other than pro-IL-1β. It remains to be determined whether and how distinct NF-κB responses could be regulated differently via CARD9 and, potentially, STING. Because Card9 −/− cells and Bcl10 −/− cells exhibited normal IRF3 activation and interferon production, it is unlikely that CARD9-Bcl-10 complexes would directly influence the cGAS-STING cascade. This hypothesis is supported by the finding that triggering STING with cGAMP induced normal production of IFN-β in Card9 −/− DCs. Thus, the Rad50-CARD9 signaling pathway regulates specifically NF-κB-dependent innate immune responses required for transcription of the gene encoding pro-IL-1β. The essential function of AIM2 in DNA-mediated cleavage of pro-IL-1β 1 has been confirmed 31, 32 . Our findings and those data together indicate a comprehensive mechanism for the DNA-induced generation of IL-1β in which CARD9 complexes can mediate the generation of pro-IL-1β, which is subsequently processed by the AIM2 inflammasome. Because CARD9 is expressed selectively in myeloid cells 13 and because deletion of CARD9 did not completely abolish IL-1β production, CARD9-independent mechanisms can apparently contribute to the generation of IL-1β, potentially as a failsafe mechanism.
Rad50 senses DNA via its amino-and carboxy-terminal nucleotidebinding domains, which associate with Mre11 and Nbs1 to form a globular DNA-binding complex 20 . Our deletion of Rad50 mediated by Cre and loxP has provided the first genetic confirmation, to our knowledge, of an essential function for Rad50 in signaling by the innate immune system. CARD9 associated directly with Rad50. That association involved the Rad50 zinc-hook region, which is separated from the Rad50 DNA-binding domain by a coiled-coil domain approximately 50 nm in length. Bcl-10 was also recruited to dsDNARad50 complexes via CARD9. We therefore propose a model in which, together with Mre11 and NBS1, Rad50 detects viral or transfected dsDNA in the cytosol, which results in the recruitment of CARD9 to the Rad50 zinc-hook region and the subsequent engagement of Bcl-10 for inflammatory downstream signal transduction. Identification of the mechanism through which Rad50 localizes to the cytosol will require further investigation. We speculate that these mechanisms could involve modifications of Nbs1 because this factor controls the subcellular localization of the MRN complex, as demonstrated by the finding that the nuclear concentrations of Mre11 and Rad50 are lower in fibroblasts that contain truncation mutants of Nbs1 than in cells that contain wild-type Nbs1 and that the concentrations of Mre11 and Rad50 are higher in the cytoplasm of the fibroblasts with truncated Nbs1 (ref. 33 ).
The MRN complex has been reported to localize to sites of viral replication and to elicit antiviral defense mechanisms involving the concatemerization of viral DNA and, potentially, other pathways, including the activation of STING [34] [35] [36] , although it is still unclear how Rad50 would couple to the cGAS-STING cascade. Additional DNA-damagecontrol factors, such as DNA-PK and Ku70 (refs. 37,38) , have also been linked to the sensing of cytosolic DNA for innate immunity. Together these studies demonstrate a more global interaction between the evolutionarily conserved DNA-damage response system and the innate immune response to pathogens. By demonstrating a direct physical and functional connection between the damage sensor Rad50 and the proinflammatory signaling adaptor CARD9, we have now provided the first mechanistic insight into these interactions, to our knowledge.
IL-1β production induced by cytosolic DNA has a critical role in host defense 31, 32, 39 . Therefore, IL-1β provides an antiviral selective pressure, a proposal highlighted by the observation that various viruses have evolved strategies to inhibit the production of IL-1β by interfering with the NF-κB signaling pathway at multiple steps 8 or by inhibiting IL-1β signaling, for example, through the expression of soluble IL-1β receptors that prevent the fever reaction 7, 8, 10, 40 . Several DNA viruses, such as adenovirus, have also developed strategies to inhibit Rad50 signaling, which suggests that the Rad50 pathway is potentially subverted by various viruses 34, 41 . As indicated above, IL-1β not only is important for immunological defense but also is an important factor in autoinflammation 11 . Endogenous DNA that is inappropriately cleared can accumulate in cytosolic compartments and drive inflammatory diseases associated with increased concentrations of interferon and IL-1β [42] [43] [44] . Such findings indicate that it will be important to investigate the contributions of signaling via Rad50-CARD9 to autoinflammatory conditions associated with responses to cytosolic DNA. Ultimately, future studies of the Rad50-CARD9 pathway may lead to selective strategies for dampening DNA-induced IL-1β-driven inflammatory responses without compromising antiviral interferon production.
METHODS
Methods and any associated references are available in the online version of the paper. 
